We have previously found that modest chronic increases in maternal cortisol result in an enlarged fetal heart. To explore the mechanisms of this effect, we used intrapericardial infusions of a mineralocorticoid receptor (MR) antagonist (canrenoate) or of a glucocorticoid receptor (GR) antagonist (mifepristone) in the fetus during maternal infusion of cortisol (1 mg·kg Ϫ1 ·day Ϫ1 ). We have shown that the MR antagonist blocked the increase in fetal heart weight and in wall thickness resulting from maternal cortisol infusion. In the current study we extended those studies and found that cortisol increased Ki67 staining in both ventricles, indicating cell proliferation, but also increased active caspase-3 staining in cells of the conduction pathway in the septum and subendocardial layers of the left ventricle, suggesting increased apoptosis in Purkinje fibers. The MR antagonist blocked the increase in cell proliferation, whereas the GR antagonist blocked the increased apoptosis in Purkinje fibers. We also found evidence of activation of caspase-3 in c-kit-positive cells, suggesting apoptosis in stem cell populations in the ventricle. These studies suggest a potentially important role of corticosteroids in the terminal remodeling of the late gestation fetal heart and suggest a mechanism for the cardiac enlargement with excess corticosteroid exposure.
MATERNAL STRESS has been associated with changes in metabolism and stress responsiveness in the offspring (reviewed in Refs. 13, 15, 18) . In animal models, glucocorticoid exposure in the antenatal period has been demonstrated to reduce birth weight and increase the risk of metabolic, neurological and cognitive, and cardiovascular disorders (reviewed in Ref. 26) . Several studies have suggested that exogenous glucocorticoids also impact fetal heart development, producing cardiac enlargement (10, 23, 36, 62) . Cardiac enlargement is also observed with maternal Cushing's disease (19) , and with highdose steroid treatment in infants with congenital adrenal hyperplasia (3, 52) . We have used an ovine model of chronic maternal stress using exogenous cortisol infusion to increase maternal cortisol concentrations to those comparable to that seen acutely after transport in ewes (31, 57) . We have found that chronic elevation of maternal cortisol concentrations caused a slowing of overall fetal growth but an increase in fetal heart weight, ventricular wall thickness, and heart weight-tobody weight ratio (28, 46) . These increases in maternal cortisol produce a modest increase in fetal cortisol relative to the concentrations that are achieved near term, without an increase in fetal blood pressure or an increase in cardiac fibrosis (46) . Intracardiac infusion of cortisol has been shown to cause an increase in heart weight and entry of myocytes into the cell cycle without any change in myocyte size or binucleation (23) ; there was also no increase in fetal blood pressure in those studies. On the other hand, a more dramatic increase in fetal cortisol increased fetal blood pressure and caused cardiac hypertrophy and fibrosis (36) . We have also observed that the enlargement of the fetal heart caused by the more modest chronic increase in maternal and fetal cortisol in late gestation was completely blocked by intrapericardial infusion of a mineralocorticoid receptor (MR) antagonist (46) . To test the hypothesis that the effect of MR on enlargement of the ventricles in our model was associated with effects on cell proliferation in the heart, we characterized the roles of MR and glucocorticoid receptor (GR) in cardiac proliferation and apoptosis in those hearts.
MATERIALS AND METHODS
Experimental procedures. Sheep with singleton pregnancies were studied. All animal use was approved by the University of Florida Institutional Animal Care and Use Committee and conformed to the National Institutes of Health "Guide for the Care and Use of Laboratory Animals." Sheep were studied as described previously (46) . Pregnant sheep were randomly assigned to one of four groups at surgery (118 -123 days gestation): ewes infused with saline (control group, n ϭ 6); ewes infused with cortisol (hydrocortisone hemisuccinate; Sigma; 1 mg·kg Ϫ1 ·day Ϫ1 iv; cortisol group; n ϭ 5); ewes infused with cortisol and with fetal intrapericardial infusion of the MR antagonist potassium canrenoate (Sigma; 600 g/day; n ϭ 7); and ewes infused with cortisol and with fetal intrapericardial infusion of the GR antagonist mifepristone (Sigma; 50 g/day; n ϭ 4). All pericardial infusions were delivered as previously described (46) from a Silastic catheter (1.65 mm od) at 5 l/h using an Alzet minipump (model 2ML2; Durect, Cupertino, CA); the minipump was placed subcutaneously on the back of the fetus.
The infusion of cortisol started immediately after surgery. Sheep were studied for 10 days before necropsy (days 128 -133 gestation). This is a period during which there is remodeling of the fetal heart; over this period of gestation the number of mononuclear myocytes in the left ventricle is reduced by almost 50% so that by the time of necropsy 65-70% of the left ventricular myocytes are binucleated (30) . During the study period, sheep had access to water, food, and salt blocks ad libitum. Sheep were euthanized with an overdose of euthanasia solution containing pentobarbital and phenytoin (Euthasol; Virbac Animal Health; Webster Veterinary Supply). Data on heart weight and hormone concentrations have been previously published (46) . The maternal infusion of cortisol increased fetal cortisol concentrations from 4.1 Ϯ 1.7 nM in the control group to an average of 9.4 Ϯ 1.7 nM in the fetuses of cortisol-infused ewes. Heart weightto-body weight ratio, left ventricular free wall, right ventricular free wall, and intraventricular septal wall thicknesses were significantly increased by the maternal infusion of cortisol, and the MR antagonist blocked the effect of cortisol on these measures. The GR antagonist also significantly attenuated the effect of cortisol on right ventricular free wall thickness.
Immunohistochemistry. At the time of necropsy, a cross section of the fetal heart including left ventricle, right ventricle, and septum was cut and fixed in 4% buffered paraformaldehyde overnight. Hearts were dehydrated in increasing concentrations of reagent alcohol, cleared in xylene, and embedded in paraffin wax. Sections were cut at 5-10 m (Zeiss rotary microtome; model HM325) and placed on poly-L-lysine-coated slides.
To determine whether cell proliferation was increased in cardiomyocytes of the enlarged, cortisol-treated hearts, sections (10 m) from fetal hearts were stained with an anti-Ki67 antibody. Hearts from fetuses of control ewes (n ϭ 6), cortisol-treated ewes (n ϭ 5) and from cortisol-treated ewes with intracardiac infusion of a MR antagonist (n ϭ 6) or GR antagonist (n ϭ 4) were analyzed. Ki67 is expressed in all active phases of the cell cycle but is absent in the resting phase; as a result it serves as a marker of cell proliferation. Heart sections were deparaffinized and rehydrated using standard procedures and quenched in hydrogen peroxide (0.3%; Fisher Scientific, Fair Lawn, NJ) to block endogenous peroxidase. Antigen retrieval was performed in 0.1 M sodium citrate buffer at 95°C for 30 min. Heart sections were blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS) for 1 h at room temperature and incubated with anti-Ki67 monoclonal antibody (diluted 1:100 in blocking solution; Dako, Glostrup, Denmark) overnight at 4°C, then incubated with biotinylated goat antimouse secondary antibody (Zymed, San Francisco, CA) for 1 h at room temperature, followed by streptavidin-peroxidase (Zymed) incubation. Sections were then incubated with metal enhanced diaminobenzidine (DAB; Pierce DAB substrate kit, ThermoFisher Scientific; Rockford, IL) for 10 min, and counterstained with hematoxylin (Fisher Scientific). Slides were processed in batches containing sections from animals in each experimental group. To assure specificity of the Ki67 staining, negative control slides were included in each batch of slides processed. The negative control slides treated similar to the other slides with the exception that blocking solution without primary antibody was used. Images were taken with a ϫ40 objective on a BX 41 microscope and recorded with a digital camera DP71 (Olympus, Center Valley, PA). For each heart, three images were taken from each ventricular free wall; all fields were chosen within bundles of cardiomyocytes so as to include predominately cardiomyocytes; there were no fields photographed that included either the endocardial or epicardial layer or discernible blood vessels. The total number of nuclei and the number of KI67-stained nuclei from each image were then counted; the investigators taking the images and performing counts were blinded to the experimental group of the images. The percentage of Ki67-stained nuclei was analyzed by two-way analysis of variance corrected for repeated measures. The criteria for significance was P Ͻ 0.05.
To detect cell apoptosis in the fetal hearts, an antibody against active caspase-3 was used. Hearts from fetuses of control ewes (n ϭ 5), cortisol-treated ewes (n ϭ 5), and from cortisol-treated ewes with fetal intracardiac infusion of a MR antagonist (n ϭ 7) or GR antagonist (n ϭ 4) were analyzed. Sections were deparaffinized and rehydrated and quenched in hydrogen peroxide. Antigen retrieval was performed with 0.1 M sodium citrate buffer in a microwave (1,350 W for 5 min). Sections were blocked with 5% goat serum for 1 h, incubated with antibody against active caspase-3 antibody (1:500 dilution in blocking buffer; R&D System, Minneapolis, MN) for 2 h at 4°C, and washed in PBS; negative control slides with no primary antibody application were also included in each batch and analyzed. Activated caspase-3 staining was visualized as described above for Ki67 staining.
Preliminary analysis showed that the pattern of active caspase-3-positive cells varied significantly across areas of the hearts. For the purpose of quantification, each heart section was divided into three different parts: left ventricle, septum, and right ventricle. Each part was further divided into three layers from epicardial to endocardial surfaces in the case of the left and right ventricular free walls. As a result, each heart slide contains nine layers, from left ventricle to right ventricle, including left or right ventricle subepicardial layer (L or R-epi), a layer in the middle consisting primarily of cardiomyocytes (L or R-myo) and the subendocardial layer (L or R-endo); for the septum the layers were similarly identified as the subendocardial layers nearest to the left or right ventricular chambers (S-L-endo or S-R-endo, respectively) or in the middle of the section (S-mid). Five images were taken with a ϫ10 objective within each of the nine heart layers and analyzed using Image J [Image J 1.43; using the Colour Deconvolution plug-in (50, 51) ]. On each image, the area of activated caspase-3-positive nuclei and the area of heart tissue were measured, and the area of active caspase-3-positive staining as a percentage of tissue area was calculated. Activated caspase-3 staining area in control slides was negligible relative to the positively stained slides. The data were analyzed by two-way analysis of variance (treatment group and cardiac layer) corrected for repeated measures (on cardiac layer) using SPSS software (IBM, Armonk, NY).
Based on the morphology and location of some activated caspase-3-positive cells, we hypothesized that Purkinje fibers in the subendocardial layer and septum might be apoptotic. Purkinje fibers are part of the electrical conduction system of the heart. As a result, they expresses some neuronal proteins. Neurofilament medium (NF-M) is expressed in the cardiac conduction system (8), and microtubule-associated protein 2 (MAP2) is a neuronal cytoskeletal protein (11) . Heart sections were first stained with active caspase-3 antibody followed by Alexa Fluor 594 goat anti-rabbit IgG secondary antibody (1:500 dilution; Molecular Probes, Invitrogen, Eugene, OR) and then stained with NF-M or MAP-2 antibodies (1:500 dilution; EnCor Biotechnology, Gainesville, FL) followed by Alexa Fluor 488 goat anti-chicken IgG secondary antibody (1:500 dilution; Molecular Probes). Slides were visualized with fluorescence filters. These results confirmed a Purkinje fiber phenotype for a population of caspase-3-positive cells. Purkinje fiber cells contain more glycogen than cardiomyocytes (2, 22) , which we detected with Periodic acid-Schiff staining (PAS; Santa Cruz Biotechnology). Thus double staining of caspase-3 and PAS was also performed, and these sections were used to specifically quantitate activation of caspase-3 in Purkinje cells. Photographs were taken using a ϫ10 objective and analyzed with Image J software. Purkinje fibers were identified by PAS staining, their area measured, and number of active caspase-3 positive staining nuclei within these fibers counted. The number of positively stained nuclei per fiber area was analyzed by two-way analysis of variance (treatment group and cardiac layer) corrected for repeated measures using SPSS. Because the data were not normally distributed, the data were transformed to the logarithm of the raw values before analysis. P Ͻ 0.05 was used as the criteria for significance using a one-tailed comparison.
To determine whether stem cells are apoptotic, additional sections were double stained for activated caspase-3 and c-kit. Sections were first stained for activated caspase-3 as described above, except that instead of DAB, sections were incubated with nitro-blue tetrazolium chloride/5-bromo-4-chloro-3=-indolyphosphate p-toluidine salt (NBT/ BCIP) for 2.5 h, then washed, blocked with 10% bovine serum albumin (BSA) for 1 h, followed by incubation with c-kit antibody (H300, 1:100 dilution in blocking buffer; Santa Cruz Biotechnology) for 2 h, and biotinylated goat anti-rabbit secondary antibody (1:200 dilution in 10% BSA; Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 h and streptavidin-conjugated horseradish peroxidase (1:200 dilution in 10% BSA; Thermo scientific, Rockford, IL) for 30 min. Slides were then stained with the Metal Enhanced DAB substrate Kit (Thermo scientific) for 40 min, washed, and counterstained with methyl green.
cortisol-infused group treated with a GR antagonist compared with that in the control or cortisol-infused group treated with the MR antagonist (Fig. 1) . In the right ventricle, the cortisolinfused group had significantly more Ki67-stained nuclei than the control and cortisol-infused group treated with the MR antagonist.
Cortisol treatment increases apoptosis in fetal sheep heart. The hearts of the fetuses whose mothers were infused with cortisol tended to have a higher percentage of active caspase-3-positive staining (0.068 Ϯ 0.103%) compared with control sheep (0.024 Ϯ 0.103%) or fetal hearts from cortisol-infused ewes that were treated with the GR antagonist (0.036 Ϯ 0.115%) (overall group means Ϯ SE from two-way ANOVA; Fig. 2A ). However, there were no overall differences among the treatment groups in the staining for activated caspase-3. Although the group treated with the MR antagonist tended to have the greatest staining for activated caspase-3 (0.267 Ϯ 0.088%), this difference was not statistically significant as a result of the high variability in staining among regions and subjects within this group.
There were overall significant differences in active caspase-3 staining among the regions of the walls of the cardiac chambers (Fig. 2B ), which were visually evident. When these differences were analyzed, there were significant location-dependent differences in the amount of activated caspase-3 staining. The subendocardial layers of the left ventricular free wall (L-endo) and of the septum proximal to the left and right chambers (L-sep and R-sep) had significantly more activated caspase-3 staining than any of the layers of the right ventricle or than the middle portions of the left ventricular free wall or the septum. However, there was no overall difference among groups in this pattern.
Cortisol induces apoptosis in Purkinje fibers. Activated caspase-3 staining was predominately located in the subendocardial regions, in which Purkinje fiber cells are a prominent cell type. As seen in Fig. 3A , activated caspase-3-positive cells in fetal hearts of cortisol-treated ewes are primarily located between the endocardium and myocardium with morphology consistent with that of Purkinje fibers: large cells with large, round nuclei or double nuclei, and projection of the fibers into the ventricle walls. Double staining of activated caspase-3 and PAS demonstrates that those apoptotic cells are Purkinje fiber cells (Fig. 3B) .
Double staining of activated caspase-3 and NF-M or MAP-2 also confirms that these fibers are Purkinje fiber cells (Fig. 3, C  and D) . Cortisol treatment increased Purkinje fiber apoptosis in fetal sheep heart (Fig. 4A) . Intracardiac administration of the MR antagonist did not attenuate the increase in apoptosis resulting from maternal cortisol infusion; however, intrapericardial infusion of the GR antagonist significantly attenuated the increase in activated caspase-3 staining in PAS-positive cells resulting from maternal infusion of cortisol. The apoptosis caused by cortisol was greater in the subendocardial spaces of septum (SL, SR) and left ventricle (LV) than in the right ventricular free wall (RV), although the apoptosis in the septum on the side adjoining the LV chamber (SL) was greater than that in the LV free wall adjoining the same chamber (LV) (Fig. 4B) . Double staining of active caspase-3 and c-kit also showed the presence of non-Purkinje fiber c-kit-positive apoptotic cells, indicating apoptosis of stem cells or progenitor cells in the heart (Fig. 5) . Because of the relative scarcity of these cells in the heart at this gestational age, we did not quantify the relative apoptosis in the c-kit-positive cells among the treatment groups.
DISCUSSION
Our study has demonstrated a striking remodeling of the fetal heart by cortisol. Maternal cortisol infusion increases fetal heart size, cell proliferation, and apoptosis in the late gestation fetal heart. Our results indicate that the increased wall thickness caused by chronic elevation of maternal cortisol involves an increase in myocyte proliferation, but with accompanying apoptosis of Purkinje cells. Whereas previous studies have suggested a proliferative effect of somewhat higher levels of cortisol (23) , these studies suggest even relatively small increases in fetal cortisol can induce increased proliferation when those increases occur chronically during the period in which the fetal heart is normally transitioning from proliferative mononuclear cells to terminally differentiated binucleate cells (30) . The proliferative and apoptotic effects of cortisol appear to be mediated by different receptors: blockade of MR attenuated the proliferation induced by cortisol, whereas blockade of GR attenuated the apoptosis. Thus these results suggest the two receptors mediate changes in different pathways in the late gestation heart: MR stimulates proliferation and GR stimulates apoptosis.
MR and GR are the high-and low-affinity receptors, respectively, for cortisol. In many epithelial tissues, MRs are protected from binding by cortisol because of dehydrogenase activity of 11␤-hydroxysteroid dehydrogenase type II (11␤HSD2) (42, 45) . However, we have previously found (47) that the fetal heart expresses both MR and GR and has relatively low expression of 11␤HSD2 and relatively high expression of the complementary enzyme 11␤HSD1, which has predominant reductase activity; in comparison fetal kidney at 130 days of gestation had 13-fold lower expression of MR and 750-fold higher expression of 11␤HSD2 (47) . Therefore, it would be expected that cortisol action in the fetal heart could be mediated by both MR and GR. In this sense the fetal heart is similar to the adult hippocampus, a tissue in which cortisol binds to both MR and GR (16, 45) . In the rat hippocampus MR expression is increased in response to neuron injury and is associated with neuronal survival (14, 32, 49) , whereas overexpression of GR can enhance the toxic effects of exogenous insults and cause cell apoptosis (4, 58) . Our studies similarly demonstrate that cortisol enlarged the fetal heart by increasing cell proliferation through activation of the MR. In contrast, the apoptosis in Purkinje fibers with maternal cortisol administration can be blocked by a GR antagonist, but not a MR antagonist, indicating that GR mediates cell apoptosis in the cardiac conduction system. Indeed, the cells of the cardiac conduction system share some similarities with neurons, and the differential roles of MR and GR we found in Purkinje fibers are consistent with the hippocampal findings. In newborn rats systemic treatment with a MR antagonist decreased cardiomyocyte proliferation due to endogenous corticosteroids (53), although the MR blocker also decreased apoptosis in the cardiomyocytes. That study did not determine effects on cell types other than myocytes and did not examine the conduction system in the hearts. It is also likely that the systemic administration of a blocker early in neonatal life, a time of relatively low cardiac MR expression in most species (38) , may have different effects than chronic intracardiac administration over a longer period of cardiac maturation.
Although a role of MR in cell proliferation in the fetus is not well characterized in any tissues, a proliferative role of MR has been identified in neuronal progenitor cells and in the developing brain and the neonatal kidney (5, 56, 60) . In contrast, in adult hearts and kidney, MR mediate fibrosis in response to injury (25, 61) and blockade of MR receptors by drugs such as eplerenone block the fibrosis after injury or cardiac ischemia (44) . However, in our model there is no increase in cardiac collagen in the left or right ventricle after maternal cortisol administration (46) , nor did we find changes in genes associated with collagen deposition (COL1A1, COL3A; unpublished data; E. Richards and M. Keller-Wood). In these hearts there was also no increase in ANP mRNA in the left ventricle, nor were BNP or CNP mRNAs altered (unpublished data; X. Fang and M. Keller-Wood); in adult hearts these are considered markers of cardiac failure (reviewed in Ref. 20) . Thus the effect of cortisol via MR on these fetal hearts appears to be distinct from the hypertrophic, pro-fibrotic effect of MR in the ischemic adult heart. The in vivo effects of MR and GR on the developing fetal heart also differ from the effects of glucocorticoids seen in cardiomyocyte cultures. In cultures derived from embryonic heart (H9C2 cells) or primary cultures of neonatal cardiomyocytes (48) , synthetic glucocorticoids caused hypertrophy in the presence of serum but inhibited cardiomyocyte apoptosis in response to TNF-␤ or serum deprivation; these effects were mediated by GR. These results do not contradict our findings, because of the difference in both steroid dose between the two studies and the differences between the environment of the in vivo heart and the cultured cells. The anti-apoptotic effect of glucocorticoid receptor activation observed by Ren and co-workers (48) occurred in cardiomyocytes, while the pro-apoptotic effect of GR we observed was in Purkinje fibers. Furthermore, the developmental age of the hearts may play a role; for example, endothelin has been shown to induce cardiomyocytes to develop into Purkinje fibers at earlier stages of chick heart development but causes cardiomyocyte hypertrophy at later stages (39) . Thus different cell types, different developmental ages, and different cellular mileu might determine the effects of glucocorticoids.
The expression of Ki67, indicative of cell proliferation, is increased by cortisol in the ventricular free wall in areas in which cardiomyocytes predominate; this result is consistent with the observation of Giraud and co-workers (23), who found increased Ki67 labeling of isolated cardiomyocytes after infusion of cortisol into the circumflex artery of the fetus. They found a doubling in the percentage of Ki67-positive nuclei in mononuclear cardiomyocyes from 2.7 Ϯ 0.4% to 5.5 Ϯ 0.1%, consistent with the increase from 0.9 Ϯ 0.1% to 1.6 Ϯ 0.2% observed in the fields of left ventricular free wall in the present study. In contrast, although some caspase-3 was observed in myocyte bundles, the caspase-3 staining was more concentrated in the portions of the ventricular wall near the cardiac chambers.
The effects of chronic fetal exposure to cortisol appears to differ from the effect of fetal stress induced by placental restriction or placental embolization (35, 41) ; placental restriction increases the proportion of mononuclear myocytes at 135 days without producing heart enlargement or myocyte proliferation, and placental embolization decreases myocyte proliferation and the transition to binucleated myocytes. However, in these models the fetuses are hypoxemic so that factors other than cortisol likely contribute to the observed changes in myocyte maturation.
The predominant apoptotic cell type identified in the fetal heart was that forming Purkinje fibers, suggesting that increased maternal cortisol could impair electrical conduction in the fetal heart. Although our data suggest GR activates the apoptotic pathways in the conduction system of the late gestation heart, conditional overexpression of MR in the heart in mice leads to life threatening ventricular arrhythmias both in utero and shortly after birth, with few mice surviving to more than 3 wk of age (43) . However, since MR and GR are 94% homologous in the DNA binding domain (7), MR overexpression may mimic excess GR activation, resulting in disruption of the conduction in the developing heart. One possible explanation for the sensitivity of cells in the conduction pathway to corticosteroid exposure is that like neurons, Purkinje fibers are susceptible to cellular stress. Studies in rat embryos showed that maternal hyperthermia caused malformations in both the central nervous system and cardiac conduction system (6). Although Purkinje fiber development has not been as thoroughly studied in the ovine fetus in terms of factors inducing Purkinje fiber maturation, structural studies of the ovine heart show that the time of our treatment corresponds to the end of the development of a fibrous sheath around the septal Purkinje fibers and the beginning of the ensheathment of the ventricular Purkinje fibers; formation of this sheath is complete, well organized, and dense by gestational day 140, but nonexistent at day 115 (12) . We also saw apoptotic cells that were c-kit-positive; these cells are a source of cardiogenesis in the developing heart (21) . Although the c-kit-positive cells were relatively sparse, they appeared to fall into two distinct morphologies: cells with big, round nuclei, scattered among cardiomyocytes, cells with long, thin nuclei with little cytoplasm located between muscle bundles and inside connective tissue. Their morphological differences suggest they may be distinct progenitor cell populations. The first phenotype is consistent with previous studies in which patterns of apoptosis in the developing heart were examined; in those studies apoptotic cells were scattered throughout the myocardium, although these reports did not conclusively identify the dying cells (29, 37) . Recent studies suggest that c-kit labels a heterogeneous population of cells in the heart arising from different precursors and consisting of cardiac stem cells, mast cells, hematopoietic cells, cells derived by epithelial to mesenchymal transition, and possibly others. Several of these populations are progenitor cells in the developing heart (27, 59) . A stem cell population derived from the epicardium (epicardially derived cells, EPDC) is c-kit positive (17) . EPDC can differentiate into fibroblasts and smooth muscle vascular cells; their contribution to cardiomyocytes is controversial, but studies suggest they may participate in the development or maturation of Purkinje fibers (24, 54) . The spindle shape c-kit-positive cells are scattered between muscle bundles (Fig. 5, B and C) , suggesting that they might be fibroblasts derived from EPDC; we also found c-kit-positive cells in close proximity to Purkinje fibers (Fig. 5D ). In the chick heart EPDCs indirectly affect Purkinje fiber formation by contributing to formation of blood vessels adjacent to the Purkinje fibers and by becoming the interstitial fibroblasts that form the fibrous heart skeleton (55) . Further studies will be required to quantitate apoptosis in progenitor cell populations; these studies would be more appropriately performed using techniques that allow separation of these subpopulations of cells.
The hearts of the fetuses of cortisol-infused ewes were larger than those of control hearts, and the increase in apoptosis we observed may reflect remodeling rather than pathology. This awaits further study, however, the pronounced activation of apoptotic pathways in the cardiac conduction fibers suggests the possibility that cortisol induced pathological changes in the hearts. In a subsequent study in which ewes with this treatment were studied to term, 3 of 4 lambs born from 143-146 days gestation in cortisol-treated ewes were stillborn or died at birth; in the 6 control ewes, 5 delivered live lambs and 1 lamb died during delivery due to dystocia (unpublished results; M. Keller-Wood and X. Fang).
Perspectives and Significance
In this study, we have observed potentially adverse effects of the maternal stress hormone cortisol on cells within the fetal cardiac conduction system. We also demonstrated differential roles of MR and GR on cell proliferation and apoptosis. Before late gestation, fetal cortisol concentrations are in the range for activation of MR with only partial activation of GR. The activation of MR may support proliferation during most of gestation. The normal late gestation increase in cortisol dramatically increases plasma cortisol concentrations (9) and result in levels that would more completely activate GR. These GR-mediated effects play an important role in fetal development and organ maturation in late gestation, especially in terms of lung, liver, and gastrointestinal maturation (1, 33) . The GR-mediated effects of cortisol are normally limited to the immediate peripartal period, occurring at a time at which the Purkinje fibers should normally be mature, and the number of left ventricular myocytes in the cell cycle is dramatically decreasing (30) . Since Liggins and Howie (34) started clinical trials in the 1970s, short-term prenatal glucocorticoids treatment has become a standard treatment for promoting fetal lung maturation in the event of preterm delivery. A recent examination of the use of prenatal glucocorticoids suggested that there is no risk for cardiac enlargement at birth after repeated courses for threatened prematurity (40) , suggesting that the repeated acute treatment paradigm does not produce long-term changes in the heart. In contrast, maternal Cushing's disease or steroid treatment of the neonate with congenital adrenal hyperplasia results in cardiac enlargement (3, 19, 52) . We studied relatively mature fetuses, at an age at which terminal differentiation begins in the myocardium (30) and the conduction system is maturing (12) . Our results suggest a vulnerability of the late-gestation fetal or term heart to chronic stress or to excess corticosteroid administration during this period. Thus our results suggest a potential perinatal consequence of maternal stress but also indicate dangers to chronic therapeutic steroid administration during this period of gestation, which may represent a critical period in maturation of the cardiac conduction pathway.
